Mutants of phage P22 which form plaques on a P22 lysogen have been isolated. These virulent mutants have been classified into three groups. (i) VirA mutants arise spontaneously in wild-type stocks and form very small turbid plaques on a P22 lysogen. The single mutation responsible for VirA virulence maps near the mnt locus, one of the immunity regions of phage P22. (ii) VirB mutants do not arise spontaneously and have been isolated only from mutagenized P22 stocks. VirB mutants form small, clear plaques on a P22 lysogen. One of the VirB mutants, virB-3, was analyzed in detail. The virB-3 mutant is comprised of two mutations: K5, which maps within the c2 gene, and Vx, which maps in the region between the c2 and c3 genes. Phages carrying either the K5 or Vx mutation are not virulent in themselves but mutate to VirB virulence at a frequency of 10-5 to 10-6. It is concluded that K5 and Vx are mutations at specific sites which together confer the ability to undergo phage development in the presence of repressor. (iii) VirC mutants are defined by a large clear plaque morphology when plated on a P22 lysogen. VirC mutants are comprised of the determinants of both VirA and VirB virulence.
Phage P22, a temperate phage of Salmonella typhimurium, can elicit either of two responses upon infection of a sensitive cell. In the lytic response, phage progeny are produced and are released when the bacteria lyse. In the lysogenic response, the bacteria survive infection and show a stable hereditary alteration as a result of prophage integration into the host chromosome (16, 17) . The prophage renders the lysogenic cell immune to superinfection by phage P22 (19) . The lysogenic cell can be induced to produce phage progeny upon exposure to ultraviolet light or the antibiotics mitomycin and streptonigrin (7, 8) . Prophage with a temperature-sensitive mutation in the c2 gene can be heat induced (11) . Upon exposure to high temperature, cells carrying tSC2 prophage lose their immunity and the prophage undergoes the lytic cycle of development. Thus, the c2 gene codes for one of the immunity substances or repressors of phage P22. Phages carrying temperature-sensitive mutations in a second immunity gene, mnt ( Fig. 1) , have been described which also show heat induction although the kinetics are different from tSC2 heat induction (4) .
A replication complex for P22 deoxyribonucleic acid (DNA) synthesis has been described (1) . This complex, intermediate I, is an association of parental phage DNA, newly synthesized phage DNA, and other cell constituents. In a previous paper we have shown that, upon superinfection of P22 lysogens with the homoimmune phage, the input phage DNA does not associate with intermediate I (9) . That this inhibition is due to the action of repressor was shown by good association of the superinfecting DNA with the complex after induction with ultraviolet light.
The control of DNA replication and phage development was further studied by the isolation of virulent mutants of P22. Such mutants replicate in the presence of repressor and undergo the the normal sequence of phage development in a lysogen. This paper describes the isolation and genetic analysis of such mutants. A preliminary report of this work has been presented (M. Bronson typhimurium LT2, cured of the PBI phage, was used asthe sensitive host (19) . Strain (6, 10) , and the heat-inducible mutants tSC2" (11) and tsmnt-J (4) were previously described. Media. L broth (LB), buffered saline, supplemented M9 medium, indicator agar, and soft agar for top layers have previously been described (6) . Phage were also plated on tryptone agar: tryptone, 10 g; NaCl, 5 g; agar, 12 g; and water, 1 liter.
Infection and phage crosses. An overnightculture of strain 18 was diluted 1:100 in LB and incubated at 37 C with continuous aeration until the cells reached a concentration of 108/ml. Phage were added at a total multiplicity of infection (MOI) of 20 (10 each). After a 5-min adsorption period, the culture was diluted 1:10 into LB containing, antiserum (final K = 2) for 5 min to inactivate unadsorbed phage. Samples were then diluted in tubes containing LB. At 90 min after infection, the growth tubes were shaken with chloroform, and the lysates were assayed on the proper indicators. The tsc229virA-9 mutant makes large clear plaques on strain 18 at 37 C which are distinguishable from the semiclear plaques of tsC229.
RESULTS

Selection
Two plaque types differing from the parental plaque types were observed when tsc229virA-9 was backcrossed with wild-type P22. One recombinant showed the semiclear plaque morphology of tsc229, and the other type showed the bullseye turbid plaque morphology typical of mnt mutants. Recombinants with the mnt phenotype formed the small turbid plaques typical of VirA mutants on strain 210. The mutation(s) carried by this phage was designated as V9. Recombinants with the plaque morphology typical of tsc229 did not make plaques on strain 210. It appears that the V9 mutation confers virulence to tsc229virA-9 and that the tsc229 mutation is not Phages carrying the V, mutation were backcrossed with wild-type P22. If V, consisted of more than one mutation, progeny with plaque morphology different from that of either parent might be expected to result from the backcross. Only the parental phenotypes were observed among 11,000 progeny plaques. This result is consistent with the idea that VirA virulents are the result of a single mutation.
Although VirA mutants have the same plaque morphology on strain 18 as mnt mutants, the latter are not in themselves virulent. If the VirA and mnt sites are closely linked, wild-type recombinants would be rare among the progeny of a cross between tsmnt-l and Vs. The heatinducible mutant, tsmnt-1, forms wild-type plaques at 25 C and plaques that appear identical to V9 at 37 C. Of 10,000 progeny from the above cross, only two formed the wild-type turbid plaque when plated on strain 18 at 37 C. This result indicates that V9 maps very close to tsmnt-1, about 0.04 units away. Several other mutations conferring VirA virulence were mapped in this way, and each mapped very near to tsmnt-J and V9.
Analysis of a VirB mutant. A typical VirB mutant, virB-3, was selected for genetic analysis. The frequency of turbid plaque recombinants was extremely low in crosses between virB-3 and various clear mutants, indicating that virB-3 carries at least one mutation which maps in or near the clear region. In an attempt to define its component mutations, the virB-3 mutant was backcrossed with wild-type P22, and the lysate was plated on strain 18. Only one recombinant phenotype was noticed: a clear plaque morphology without the turbid center of virB-3 plaques. These plaques occurred with a frequency of 0.69%/o. The formation of a new recombinant type among the progeny of the backcross demonstrated that virB-3 differs from wild-type P22 by at least two mutations, and the low frequency of the clear plaque recombinants suggested that two mutations in virB-3 map in or near the clear region.
One explanation for the apparent absence of a second recombinant type could be that both recombinants have the same clear plaque morphology. To test this possibility, virB-3 was backcrossed with wild-type P22 carrying the h2l (Fig. 4) . The Vx mutation mapped 1.29 units to the right of C377, the right-most C3 mutation known, and 0.18 units to the left of C25, the left-most co mutant known (Table 5 , reference 9). These data are consistent with Vx being a single mutation which maps in the region between the c2 and C3 genes (Fig. 3) bLNot all of the c+ recombinants observed in these crosses were scored for the h21 and h21+ alleles. (Table 4 , infections 4 to 16). This frequency is no greater than that found for infection of either K5 or Vx alone (Table 4) , and approximates the spontaneous mutation rate to VirB virulence from KS and Vx stocks. Although c2 mutants mapping on either side of KS recombine with Vx, virulent mutants are not formed. As mentioned in a previous section, progeny from a cross between K5 and Vx phages contain 0.65% VirB mutants ( A typical VirB mutant, virB-3, was analyzed in some detail. This phage was backcrossed with wild-type P22 and found to be comprised of two mutations, KS and Vx. The KS phage makes large clear plaques on the sensitive strain and complements as a C2 mutant. Thus, the KS mutant does not make functional C2 repressor upon infection. The Vx mutant makes small turbid plaques on a sensitive strain. Neither K5 nor Vx phage make plaques on a P22 lysogen.
Mutants of the VirB class arise spontaneously from both KS and Vx stocks at frequencies of 10-5 to 10-6. These mutants have not been found spontaneously in other than KS or Vx stocks. Since the probability of finding a spontaneous VirB mutant may be as low as 10-12, this is not surprising. Mutants of the VirC class contain the determinant of VirA virulence in addition to the determinants of VirB virulence and should be even more rare than VirB mutants in unmutagenized stocks.
The K5 mutation maps within the c2 gene, probably on the right side of that gene, since only one c2 mutant is known which maps to the right of K5. The Vx mutation maps at a site just to the left of the c2 gene. No new plaque morphology phenotypes were observed when either KS or Vx was backcrossed with wild-type P22. This result plus the fact that KS and Vx mutate to VirB virulence at high rates suggest that KS and Vx are single mutations.
Since KS and Vx recombined to form VirB mutants, they were confirmed as the component mutations of virB-3. Other clear mutants and tsmnt-I recombine with KS and Vx but do not form virulent mutants. We conclude that Vx and KS are mutations at specific sites in the clear region of P22 which are required for VirB virulence.
The clear region genes of phage X and phage P22 appear to be analogous (5, 6) . It has recently been demonstrated that X phage development is regulated by the action of repressor at two operator sites, one on each side of the cl repressor gene (14) . When repression is lifted, transcription is initiated at the two promotor sites controlled by the operators. Transcription starting at the promoter to the left of the cl gene proceeds in a leftward direction from one DNA strand, whereas rightward transcription proceeds on the other DNA strand starting at the promoter to the right of the cl gene. The mechanism of regulation of P22 phage development may be similar to that described for X phage.
The Vx mutation maps to the left of the c2 repressor gene, a position analogous to that of the v2 mutation of phage X (14) . The V2 mutation has been shown to be at an operator site by virtue of decreased binding of repressor to XV2 DNA relative to wild-type X DNA. Phage carrying the Xv2 mutation show expression of genes mapping to the left of the clear region in the presence of repressor as expected for an operator constitutive mutation at a site controlling leftward transcription. The Vx mutation may act in a similar manner in P22 as either an operator constitutive mutation or by creating a new promoter site.
Understanding the mechanism of action of the K5 mutation is complicated by the mapping of this mutation within the c2 gene rather than at a site distinct from the c2 gene. If KS were an operator constitutive mutation, the repressor molecule would have a binding site within the same gene that codes for it. Miller et al. (12) have shown that the operator site for the lactose operon lies between the natural promoter site and the structural genes of the operon. Repressor control can be bypassed by the establishment of new promoter sites which map between the operator site and the structural genes controlled by the operator (2, 13) .
If the KS mutation created a new promoter which allows constitutive expression of genes to the right of the clear region, the operator would be expected to map to the left of K5. Since KS appears to map on the right side of the c2 gene, the operator controlling rightward transcription would lie within the c2 gene or at a site to the left of this gene. Such mutations have not been found among virulent mutants of phage X. Mutations that allow constitutive expression of genes to the right of the clear region have been described (2, 13, 14) . These mutations map to the right of the X repressor gene, cl, rather than within the repressor gene as in the case of the P22 KS mutation. The XvIv3 mutations map in the operator region for control of rightward transcription, whereas XC17 and the ric mutants map to the right of this region.
If transcription of the c2 gene itself is leftward and transcription of genes to the right of the clear region is rightward, the two operator-promoter regions may overlap. In such a case the KS mutation could allow constitutive expression of genes to the right while destroying or inhibiting the promoter for leftward transcription of the c2 gene. Both KS and C27, the only c2 mutation mapping to the right of K5, would not lie within the structural gene for C2 but would map in the c2 promoter region to the right of the c2 gene. The KS mutation but not the c27 mutation would simultaneously confer the property of constitutive rightward transcription. The fact that all known tsc2 mutations have been mapped to the right of KS and c227 is consistent with this interpretation (Table 3 , lines 7 to 15). If a tSC2 mutant, which is presumably temperature sensitive for the c2 protein itself, mapped to the right of K5, it would indicate that the KS mutation actually lies within the structural gene for c2 repressor. A model in which leftward transcription of the repressor gene of phage X is inhibited by rightward transcription across the c2 promoter site has been proposed (3) .
Another interpretation of the mechanism of action of KS involves a model in which functional C2 repressor consists of subunits. This model assumes that the operator region controlling transcription to the left of the clear region binds a different site on the repressor than the operator region controlling transcription to the right of the clear region. A c2 gene containing the KS mutation would code for a defective subunit which when combined with the wild-type subunit, made by the prophage, results in a repressor complex defective at the site which binds to the right-hand operator. Thus, K5 would exhibit constitutive expression of genes to the right but would not be virulent because the left-hand operator still binds repressor. Other c2 mutants may not be involved in virulence, because they code for a defective subunit which combines with the wild-type subunit to form a fully functional repressor complex. Data to be presented in a later paper make this hypothesis unlikely.
